Abstract Hypothermia (HT) is a well-established neuroprotective strategy against neonatal hypoxic ischemic encephalopathy (HIE). The overexpression of heat shock proteins (HSP) has been shown to provide neuroprotection in animal models of stroke. We aimed to investigate the effect of HT on HSP70 and HSP27 expression in a neonatal rat model of HIE. Seven-day-old rat pups were exposed to hypoxia for 90 min to establish the Rice-Vannucci model and were assigned to the following four groups: hypoxic injury (HI)-normothermia (NT, 36°C), HI-HT (30°C), sham-NT, and sham-HT. After temperature intervention for 24 h, the mRNA and protein expression of HSP70 and HSP27 were measured. The association between HSP expression and brain injury severity was also evaluated. The brain infarct size was significantly smaller in the HI-HT group than in the HI-NT group. The mRNA and protein expression of both HSPs were significantly greater in the two HI groups, compared to those in the two sham groups. Moreover, among the rat pups subjected to HI, HT significantly reduced the mRNA and protein expression of both HSPs. The mRNA expression level of the HSPs was proportional to the brain injury severity. Post-ischemic HT, i.e., a cold shock attenuated the expression of HSP70 and HSP27 in a neonatal rat model of HIE. Our study suggests that neither HSP70 nor HSP27 expression is involved in the neuroprotective mechanism through which prolonged HT protects against neonatal HIE.
Perinatal hypoxic ischemic encephalopathy (HIE) is a major cause of death and disability in newborn infants, with an incidence of 1 to 3 per 100 births (Ferriero 2004) . Among the several therapeutic strategies for neonatal HIE, only hypothermia (HT) has been considered a standard of care for neonatal HIE although the efficacy is limited in cases of severe brain injury (Robertson et al. 2012 ). The mechanisms underlying HT involve several steps of the neurotoxic cascade after HIE, including the preservation of cerebral energy metabolism, suppression of cytotoxic amino acid accumulation and nitric oxide, suppression of free radical activity and lipid peroxidation, inhibition of inflammatory cytokine, and inhibition of apoptosis and necrosis (Shankaran 2012) . The therapeutic options that augment the neuroprotective efficacy of HT are currently topics of major interest in neonatal brain research.
Heat shock proteins (HSP) are chaperones that catalyze the proper folding of nascent proteins and the refolding of denatured proteins (Lanneau et al. 2010) . Although they were originally described as proteins induced by Bheat shock,Ĥ SP respond to a variety of brain injuries, including hypoxic ischemia (Dienel et al. 1986; Ferriero et al. 1990; Dwyer and Nishimura 1992; Kinouchi et al. 1993a, b; Currie et al. 2000; Sharp et al. 2000) . The neuroprotective effect of HSP against ischemic stroke has been clearly demonstrated in transgenic mice models of HSP70 (Plumier et al. 1997; Lee et al. 2001; Tsuchiya et al. 2003; Lee et al. 2004; van der Weerd et al. 2005 ) and HSP27 (van der Weerd et al. 2010) . Pharmacologic induction or intravenous administration of HSP70 also decreased the extent of infarct in rodent models of stroke (Lu et al. 2002; Doeppner et al. 2009; Zhan et al. 2010) . In addition to its role as a chaperone, the underlying neuroprotective function of HSP can also largely be explained by its anti-apoptotic properties and immune modulation (Joly et al. 2010; Lanneau et al. 2010) . This may reflect the key mechanisms through which HT protects against ischemic brain injury. However, reports on the impact of post-ischemic HT on HSP expression in adult rodent studies are scarce and conflicting (Chopp et al. 1992; Terao et al. 2009 ) and no investigators have addressed this issue in the developing brain. In the present study, we aimed to investigate the effect of HT on HSP70 and HSP27 expression in a neonatal rat model of HIE.
Materials and methods

Animal model and temperature intervention
All experiments were performed according to the National Institutes of Health guidelines for the humane handling of animals and were approved by the Committee of Animal Research of the Asan Medical Center (Seoul, Korea). Sevenday-old, male, Sprague-Dawley rats were subjected to the well-characterized Rice-Vannucci model of HIE (Rice et al. 1981; Lee et al. 2010) . In brief, rats were anesthetized with isoflurane gas (induction, 4.0%; maintenance, 1.5%) in a 1:1 mixture of oxygen and nitrous oxide. Unilateral ligation of the common carotid artery was performed using 5/0 surgical silk. After a 1-h recovery period, the rat pups were moved to a chamber that was maintained at a temperature of 36.0°C and exposed to humidified oxygen (8%) for 120 min to induce hypoxia.
Rats were assigned to the following four groups: shamnormothermia (NT), sham-hypothermia (HT), hypoxic ischemic injury (HI)-NT, and HI-HT group (n = 12 each). For temperature intervention, the rats were placed in a temperature-controlled chamber, wherein each rat was separated from the others by a lattice. With minimal adjustments throughout the intervention period, the temperature within the chamber was maintained at 35.0 and 27.0°C for the NT and the HT groups, respectively. The rectal temperature was recorded at 1 and 4 h, and every 4 h thereafter until the end of the intervention period. Throughout the 24 h temperature intervention period, the pups were fed four times per day with 0.4 mL of formula by using feeding needles. Brains were harvested after transcardiac perfusion with 0.9% saline. The brain was cut along the coronal plane at 5 mm away from the occiput. The posterior part was fixed with 4% paraformaldehyde for pathological examination and the remaining anterior part was frozen at −80°C for further analyses of protein and mRNA.
Brain injury severity
The posterior part of the tissue was paraffin-embedded and 5-μm-thick sections of coronal slices, containing the area equivalent of bregma −4.3 to −4.5 mm (plates 37 or 38 in the adult rat brain atlas of Paxinos), were obtained (Paxinos and Watson 1998) . These sections were deparaffinized, incubated in 3% hydrogen peroxide, and then stained with a solution of Cresyl Violet (0.1%). Sections were analyzed with an image scanner (HP Scanjet G4050). Using ImageJ (v. 1.31 NIH), the infarct area, as well as the ipsilateral and contralateral hemispheric area, was manually traced and measured separately from the two consecutive coronal sections with 1-mm interval. The mean ratio of the ipsilateral infarct area to the contralateral hemispheric area was calculated. To minimize the influence of brain edema, infarct area was indirectly measured by subtracting the area of the intact cortex, hippocampus, and striatum in the ipsilateral hemisphere from that of the contralateral hemisphere (Swanson et al. 1990 ).
Western blotting
The brain samples were homogenized using a BioMasher (Nippi Inc.
Ⓡ ) and extracted in RIPA buffer (Thermo Scientific Ⓡ ) containing Halt Protease Inhibitor Cocktail (Thermo Scientific Ⓡ ) for 30 min on ice. Protein concentrations were measured using Pierce BCA Protein Assay Kit (Thermo scientific Ⓡ ). Equal amounts of protein (20 μg) were resolved using SDS-PAGE and were transferred onto a nitrocellulose membrane. Blocking of the membranes were carried out with 0.1% TBST containing 3% BSA and the corresponding antibodies were added: HSP70 (1:3000, Enzo Life Sciences Ⓡ ), HSP27 (1:3000, Abcam Ⓡ ), and beta-actin
(1:5000, Sigma Ⓡ ). The membranes were then processed for analysis using WesternBright ECL reagent (Advansta Ⓡ ).
Protein bands were visualized and quantified with the CDiGit Blot Scanner (LI-COR Biosciences Ⓡ ) and Image Studio software. For quantification, HSP70 and HSP27 expression levels were normalized to the beta-actin level.
Real-time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen Ⓡ ) and was reverse transcribed into cDNA using the TOPscript RT DryMIX kit (Enzynomics Ⓡ ). Equal amounts of cDNA were diluted and amplified via real-time PCR using a CFX Connect (Bio rad Ⓡ ) in a 20 μL reaction volume containing 2× SYBR PCR master mix (Enzynomics Ⓡ ) and 10 μM primers. The HSP mRNA expression levels were normalized to GAPDH. The PCR conditions were as follows: initial denaturation step of 5 min at 95°C, followed by 40 cycles of 10s at 95°C, 20 s at 60°C, and 30 s at 72°C. The primers used were as follows: HSP70 forward; 5′-ACGAGGGTCTCAAG GGCAAG -3′; HSP70 reverse, 5′-CTCTTTCTCAGCCA GCGTGTTAG -3′; HSP27 forward; 5′-CACTGGCA AGCACGAAGAAA -3′; HSP27 reverse, 5′-CAGGGGAC AGGGAAGAGGA -3′;GAPDH forward, 5′-TGCACCAC CAACTGCTTAGC -3′ ; and GAPDH reverse, 5′-GGCATGGACTGTGGTCATGAG -3′.
Statistical analysis
Student's t test was used for the quantitative analysis of the infarct volume and HSP expressions between the HI-NT and the HI-HT groups. An analysis of variance with Tukey's B test was used to compare the parameters among the four groups. The relationship between HSP expression and brain infarct size was analyzed using Spearman's rank correlation test. All statistical analyses were performed with SPSS 19.0 for Windows.
Results
Hypothermia and the brain infarct size
No cases of mortality were noted among the rat-pups. Prior to temperature intervention, the rectal temperature did not differ between the four groups. The temperature within each group remained stable during the intervention period, with a significant difference between the NT groups and the HT groups (Fig. 1) . The size of the infarct was significantly greater in the HI-HT group (48.7 ± 26.5%) than in the HI-NT group (6.5 ± 6.9%, Fig. 2 ).
HSP70 and HSP27 expression
The mRNA and protein expression of the both HSPs were significantly greater in the two HI groups, compared to those in the two sham groups. Among the rat pups subjected to HI, the HT intervention significantly attenuated the protein expression of HSP70 and HSP27 (Fig. 3) . Compared with the HI-NT group, the HI-HT group exhibited a significantly lower mRNA expression of HSP70 and HSP27 (Fig. 4) . The protein and mRNA expression of HSP70 and HSP27 did not differ between the sham-NT and the sham-HT groups. In the HI-NT groups, the brain infarct size correlated with the mRNA expression levels of HSP70 and HSP27, but not with the protein expression levels (Fig. 5) .
Discussion
To our knowledge, this is the first study to address the effect of HT on HSP70 and HSP27 expression in a neonatal rodent model. A 24-h HT significantly reduced the post-ischemic expression of HSP70 and HSP27 in the brain of neonatal rats. Moreover, HT suppressed HSP expression at the transcriptional level. The post-ischemic induction of HSP70 expression is consistent with previous findings (Li et al. 2016; Chopp et al. 1991; Kinouchi et al. 1993a , b Sharp et al. 1993 Currie et al. 2000) including neonatal rodent model (Ferriero et al. 1990; Matsumori et al. 2005) . We reported on the increased HSP27 expression in neonatal rats with HIE, which is a novel finding.
In the present study, despite the more robust protein and mRNA expressions of both HSPs in the HI-NT group versus the HI-HT group, the brain infarct size was significantly decreased in the HI-HT group. This is consistent with another adult rodent study, wherein 3 h of HT reduced the HSP70 immunoreactivity at 48 h after middle cerebral artery occlusion (MCAO) (Chopp et al. 1991) . Considering the other Fig. 1 Trend of rectal temperature in the NT groups (rectangles) and the HT groups (triangles) (*p < 0.001 by Student's t test) previous studies that showed the remarkable neuroprotection conferred by HSP70 pre-induction (Rajdev et al. 2000; Lu et al. 2002; Tsuchiya et al. 2003; Franklin et al. 2005; Matsumori et al. 2005) , we speculate that HSP expression can exert its neuroprotective effects only when it precedes hypoxic ischemic injury. Moreover, we could not completely exclude the possibility that the post-ischemic induction of HSP70 and/or HSP27 is rather detrimental to the developing brain at a stage where compensatory energy metabolism remains incompletely developed (Lee et al. 2001 ). In addition, prolonged HT did not influence the expression of HSP70 and HSP27 in the brains of sham-treated neonatal rats. This is not in agreement with several in vitro studies which consistently demonstrated increased HSP70 expression after rewarming from HT rather than during the period of severe (Holland et al. 1993; Liu et al. 1994) or mild (Fujita 1999 ) HT per se. Our finding suggests that moderate degree of HT per se has a minimal impact on the expression of HSPs in the brain provided that there is no ischemic injury, as previously demonstrated in an adult rat exposed to HT for 48 h (Kaneko and Kibayashi 2012) . Interestingly, an in vitro study with similar setting of HT (32°C for 24 h) to our study, demonstrated decreased mRNA expression of HSP70 in inflammatory cell culture (Sonna et al. 2006) . The influence of moderate degree of HT on HSP induction in developing brain could be addressed in a follow-up study that also targets the cold shock proteins including coldinduced RNA-binding protein (CIRBP) and RNA-binding motif 3(RBM3) (Sonna et al. 2002) .
A low but clear expression of HSP27 in the sham-treated group suggests a constitutional expression of HSP27 in the neonatal brain. In adult rats, there is minimal or no constitutive expression of HSP70 and HSP27 in the cerebrum (Franklin et al. 2005) , although HSP27 has been detected in the neurons of the retina, brain stem, and spinal cord (Chen and Brown 2007) . Following stress due to ischemic injury, HSP27 induction is predominantly observed in the glial cells rather than in the neurons (Currie et al. 2000) . The role of neuroprotection exerted by persistent HSP27 induction, mainly in astrocytes, remains unclear, even though some evidences of its antiapoptotic action at different stages of cell death has been reported , Stetler et al. 2009 ). Another plausible explanation for the HSP27 expression in the sham groups is the lower induction threshold of HSP27, compared to that of HSP70, in response to surgical stress. Unlike HSP70, HSP27 is an ATP-independent chaperone. However, only minimal information is available on whether the ATPdependency of HSP27 is associated with the threshold for protein expression in response to minor stress (Lanneau et al. 2010) . Interestingly, significant HSP27 expression was observed in adult rats following only 10 min of MCAO, which Fig. 2 The ratio of the ipsilateral infarct area to the contralateral hemispheric area in the four study groups. The size of the infarct was significantly greater in the HI-HT group (triangles) than in the HI-NT group (inverted triangles) Fig. 3 Protein expression of HSP70 and HSP27 in the ipsilateral hemisphere. a HSP70 expression was significantly greater in both the HI groups, as compared to the sham-NT group that demonstrated little or no HSP70 expression (*p < 0.001). Hypothermia decreased the postischemic HSP70 expression in the neonatal rat brain (**p < 0.01). b HSP27 expression was greater in the two HI groups than in the sham-NT groups (*P < 0.001). HSP27 expression was lower in the HI-HT group than in the HI-NT group ( †p < 0.05). Constitutional expression of HSP27, which was not influenced by HT, was observed in the sham groups. OD optical density is usually not considered sufficient to cause neuronal cell death (Currie et al. 2000) . HSP27 immunostaining in the hemisphere contralateral to that with ischemic injury also supports the hypothesis of a lower threshold for HSP27 expression in response to minor stress (Kato et al. 1995) .
A linear relationship between the mRNA expression levels of HSP70 and HSP27 and the severity of ischemic brain injury is also observed in the present study. Although few reports have described the correlation between the HSP70 expression level and the severity of injury in organs such as liver (Aoe et al. 1997 ) and spinal cord (Cizkova et al. 2004 ), such a relationship in the neonatal brain has not been described yet. Following pharmacologically induced-status epilepticus, a strong correlation was observed between the number of HSP70-positive neurons and the duration of type IV electroencephalogram activity (Lowenstein et al. 1990 ). Meanwhile, the relationship was not clear in the setting of stroke, particularly in the ischemic core region (Chopp et al. 1991; Kinouchi et al. 1993a, b) . Following focal ischemia, only minimal HSP70 expression was detected in severely damaged or necrotic hippocampal neurons, while marked HSP70 expression was noted in the morphologically intact neurons. These Fig. 4 The relative mRNA expression levels of HSP70 and HSP27 using real-time PCR of the homogenates of the ipsilateral hemisphere. After HI, the mRNA expression of HSP70 and HSP27 was significantly increased (*p < 0.001). HT significantly decreased the mRNA expression of HSP70 (A) (**p < 0.05) and HSP27 (B) ( † p < 0.01) at 24 h after HI. Data were normalized to GAPDH Fig. 5 Scatterplot of protein and mRNA expression of HSP70 and HSP27 versus the infarct size in 7-day-old rats treated with either 24 h HT (triangles) or NT (rectangles) after hypoxic ischemic injury. The size of the brain infarct was significantly correlated with the magnitude of mRNA expression of HSP70 (a) and HSP27 (b), but not with their protein expression levels (c and d). Regression lines are only drawn for the HI-NT group. The expression level of HSP was normalized to that of the Sham-NT group discrepancies may be due to the differences in the developmental stage of the brain or the severity of the injury.
Our study had certain limitations, of note. First, the outcome measure was recorded only one time point; in fact, HT might induce HSP expression earlier than 24-h post-injury. In a previous study, cells immunoreactive to HSP70 were observed as early as 1 h after the completion of hypoxia in neonatal rats (Ferriero et al. 1990 ). However, even if HSP70 was induced early, particularly within 6 h after HIE, the critical time window for hypothermic neuroprotection, the HSP expression seems to be insufficient to exert neuroprotection against HI injury in neonatal rats. Further study with multiple time points for the outcome measure could address this issue. Second, the impact of HT on HSP70 and HSP27 induction should be evaluated in the setting of less severe HI injury. As demonstrated, a >50-fold increase in HSP70 expression was observed in rat pups subjected to HI versus sham-treated rat-pups, which is remarkably robust considering approximately 2-fold increase in HSP70 expressions in another neonatal study . Third, our study did not describe the regional distribution of HSP expression. Since the distribution of HSP70 induction differs according to the type of cells and the degree of ischemia (Gonzalez et al. 1991; Sharp et al. 1991) , the non-significant correlation between HSP protein expression and the severity of brain injury, represented by the infarct area, could be reevaluated in the region-specific analysis.
In conclusion, post-ischemic HT, i.e., a cold shock, reduced the expression of HSP70 and HSP27 in a neonatal rat model of HIE. Our study suggests that the neuroprotection conferred by prolonged HT is not associated with HSP overexpression in the neonatal brain. Thus, we believe that neither HSP70 nor HSP27 expression is involved in the neuroprotective mechanism through which prolonged HT protects against HIE in neonatal rats.
